To understand the cellular and in vivo functions of specific K ϩ channels in glia, we have studied mice with a null mutation in the weakly inwardly rectifying K ϩ channel subunit Kir4.1. Kir4.1Ϫ/Ϫ mice display marked motor impairment, and the cellular basis is hypomyelination in the spinal cord, accompanied by severe spongiform vacuolation, axonal swellings, and degeneration. Immunostaining in the spinal cord of wild-type mice up to postnatal day 18 reveals that Kir4.1 is expressed in myelin-synthesizing oligodendrocytes, but probably not in neurons or glial fibrillary acidic protein-positive (GFAP-positive) astrocytes. Cultured oligodendrocytes from developing spinal cord of Kir4.1Ϫ/Ϫ mice lack most of the wild-type K ϩ conductance, have depolarized membrane potentials, and display immature morphology. By contrast, cultured neurons from spinal cord of Kir4.1Ϫ/Ϫ mice have normal physiological characteristics. We conclude that Kir4.1 forms the major K ϩ conductance of oligodendrocytes and is therefore crucial for myelination. The Kir4.1 knock-out mouse is one of the few CNS dysmyelinating or demyelinating phenotypes that does not involve a gene directly involved in the structure, synthesis, degradation, or immune response to myelin. Therefore, this mouse shows how an ion channel mutation could contribute to the polygenic demyelinating diseases.
According to classical concepts, inwardly rectifying K ϩ channels (Kir channels) have two major functions. In excitable cells the Kir channels help to set the resting membrane potential (RMP) without substantially shunting Na ϩ currents during activity (Hille, 1992) . In glial cells the Kir channels may siphon extracellular K ϩ that is released during activity toward sinks such as capillaries and the vitreous humor. The recent literature suggests that Kir channels also serve a third general function by setting the RMP in glial cells as well, which in turn would govern the transmembrane gradients of many transported molecules. Kir channels therefore would be required for many of the general functions performed by glia, such as cell proliferation, signaling, differentiation, and, in particular, myelination by oligodendrocytes (Arcangeli et al., 1993 (Arcangeli et al., , 1995 Lepple-Wienhues et al., 1996; Hida et al., 1998) . However, the evidence for such a crucial third class of roles has been mainly correlative: Kir channels are upregulated dramatically in postmitotic oligodendrocytes, producing a hyperpolarization (Knutson et al., 1997) , and Kir channels are expressed throughout the oligodendrocyte lineage (Barres et al., 1990; Chvatal et al., 1995 Chvatal et al., , 1997 Reimann and Ashcroft, 1999) .
There are few specific pharmacological blockers of Kir channels. Therefore, specific proof for a crucial role of Kir channels in glial cells calls for genetic ablation. The Kir4.1 channel subunit appears to be expressed predominantly (Takumi et al., 1995) , but perhaps not exclusively (Bredt et al., 1995; Li et al., 2001) , in glial cells in the CNS. In the retina, studies imply an important role of Kir4.1 in buffering the increased extracellular K ϩ resulting from electrical activity, primarily by providing a pathway for K ϩ siphoning (Kofuji et al., 2000) . However, we still have only a primitive idea of other distinct roles of the Kir4.1 channel in other CNS regions. The Kir4.1 knock-out mouse (Kofuji et al., 2000) represents the first reported genetic ablation of a constitutively active glial Kir channel, and we show here that its effects include severe motor impairment probably caused by dysmyelination and axonal degeneration. These effects are not so dramatic as the lethal ablation of Kir2.1 (Zaritsky et al., 2000) but are more harmf ul than ablation of the G-protein-gated K ir 3.2 (Signorini et al., 1997) and K ir 3.4 (Wickman et al., 1998) channels.
MATERIALS AND METHODS
Targeting of the K ir4.1 subunit and PCR analysis. A standard genetargeting approach was chosen to disrupt K ir4.1 gene expression as described previously (Kof uji et al., 2000) . Primers for genotyping included the following: K ir4.1, forward 5Ј-GAT C TA TGG ACG ACC TTC ATT GAC ATG CAA TGG-3Ј and reverse 5Ј-GGC TGC TC T CAT C TA CCA CAT GGT AGA AAG TCA GG-3Ј, and neomycin resistance gene, forward 5Ј-ATC GCC TTC TAT CGC C TT C TT GAC GAG TTC TTC -3Ј.
Primar y cell cultures. Mixed cultures of spinal cord cells were established from postnatal day 0 (P0) to P12 mice. Dissociated spinal cord cells were plated onto 35 mm poly-D,L-lysine-coated glass dishes at 3 ϫ 10 6 cells per dish in B27-supplemented Neurobasal medium containing 10% fetal calf serum. C ells were subject to either immunocytochemistry or electrophysiological recordings after 10 -14 d in culture. For electrophysiology the extracellular solution was (in mM) 150 NaC l, 4 KC l, 2 CaCl 2 , 2 MgC l 2 , 10 H EPES, and 10 D-glucose, pH 7.4. To measure K ir4.1 currents, we changed the external solution to one containing 50 mM KC l in place of 50 mM NaC l. Single-cell recording was performed at 21-24°C. Patch pipettes were filled with a solution containing (in mM) 108 K H 2 PO 4 , 4.5 MgC l 2 , 9 H EPES, 9 EGTA, 4 Mg-ATP, 0.3 Na-GTP, and 14 creatine phosphate, pH 7.4. Pipette resistance ranged from 4 to 7 M⍀ when filled with internal solution. Currents were measured with a patch-clamp amplifier (Axopatch 200A, Axon Instruments, Foster C ity, CA), filtered at 2 kHz, digitized at 10 kHz, recorded on a computer via a commercial software package (pC lamp 8, Axon Instruments) and monitored simultaneously on both a storage oscilloscope and a chart recorder. C ells were voltage clamped at a holding potential of Ϫ80 mV.
Mature oligodendrocytes were identified on the basis of typical morphology and on electrophysiological properties: biphasic, slowly decaying currents (Chvatal et al., 1995 (Chvatal et al., , 1997 (Chvatal et al., , 1999 and lack of action potentials. Identity was confirmed by injection of L ucifer yellow with subsequent counterstaining with either myelin basic protein (MBP) or oligodendrocyte-specific protein antibody. C ells were classified as neurons according to their morphology and their electrophysiological characteristics: strong voltage-activated Na ϩ currents and action potentials elicited by depolarizing current pulses in the current-clamp mode. Series resistance was monitored throughout the experiments, and cells were discarded if the series resistance changed by Ͼ10%. The drugs were applied by a local perf usion system. Solution exchange occurred within 2 sec. Values of the resting membrane potentials were obtained at the start of the experiment and corrected for the pipette tip potential. The input resistance and membrane conductance were measured at a membrane potential of Ϫ80 mV, using a 10 mV step.
Immunohistochemistr y and immunofluorescence. Animals were anesthetized with halothane and cardioperf used with PBS, followed by 4% paraformaldehyde (PFA) in PBS. Spinal cords were removed and postfixed in 4% PFA overnight. Organs were embedded in paraffin and sectioned at 8 -10 m. For immunohistochemistry the paraffin sections were dewaxed in xylene, rehydrated in ethanol, and boiled for 2 min in an antigen-demasking solution (Vector Laboratories, Burlingame, CA). For cell culture staining the cells were fixed in 4% PFA for 20 min. After being blocked for 15 min in 0.2% Triton X-100 and 10% normal goat serum (NGS) in PBS, the samples were washed and incubated with the primary antibody in 1% NGS at 4°C overnight. Samples were incubated with a biotinylated secondary antibody, followed by an avidin-conjugated fluorochrome (Vector Laboratories) or a fluorescent-conjugated (C y-3, Alexa 488) secondary antibody (Jackson ImmunoResearch, West Grove, PA) for 1 hr.
The anti-K ir4.1 polyclonal antibody was raised in rabbits and tested in H EK 293 and C OS-7 cells transfected with the rat K ir4.1 subunit as described previously (Kof uji et al., 2000) . The following antibodies also were used in this study: rat anti-glial fibrillary acidic protein (GFAP; Zymed, San Francisco, CA); mouse anti-oligodendrocyte-specific protein (Chemicon, Temecula, CA); rat anti-MBP (Chemicon); rabbit antimyelin proteolipid protein (PL P; Chemicon); mouse anti-neurofilament, 70 kDa (Chemicon); mouse anti-2Ј3Ј-cyclic nucleotide 3Ј-phosphohydrolase (C N Pase; SM I-91, Sternberger Monoclonals, L utherville, MD). Confocal images of tissue sections and cultured cells were obtained on a Z eiss L SM 410 microscope (Oberkochen, Germany) equipped with argon (red), HeNe (green), and UV lasers.
For quantitative morphological studies, spinal cord cultures of PL Ppositive cells growing in isolation on the culture dish were visualized on a Nikon epifluorescence microscope (20ϫ objective) equipped with a CCD camera. Individual images were taken at random, digitized via a Snappy frame grabber, and analyzed by the N IH Image program to obtain a one-pixel boundary of the entire cell. Oligodendrocytes expressing a typical myelin sheath were clearly distinguishable from myelin sheath-negative oligodendrocytes. The cells were counted, and myelin sheath-positive cells were expressed as a percentage of the total oligodendrocyte count. The area of the cell soma disregarding branches was measured and calculated by N IH Image (Morley et al., 1997) . "Branching" of PL P-positive cells was assessed by individually counting major branches directly extending from the oligodendrocyte cell body, and the average number of branches/cells was calculated. Analyses were verified by a second observer who was unaware of the genotype.
To assay apoptosis, we used terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUN EL) to visualize cells with fragmented DNA (In situ cell death detection kit, Fluorescein, Roche Molecular Biochemicals, Palo Alto, CA). The procedure was performed according to the manufacturer's instructions. Sections were pretreated with 0.1% Triton X-100 and subsequently were incubated for 1 hr at 37°C with 50 l of the provided TUN EL mixture. Positive controls were treated additionally with 500 ng /ml DNase diluted in PBS with 1 mM MgC l, pH 7.4, for 10 min before the TUN EL mixture was added. Then the cells were washed three times in PBS and evaluated under a fluorescence microscope. Nissl counterstaining was performed with the NeuroTrace kit (Molecular Probes, Eugene, OR).
Electron microscopy. Spinal cords were dissected; the sections were post-fixed in 1% phosphate saline-buffered osmium tetroxide containing 0.8% K FeC N and dehydrated through an ethanol series. The tissue was cleared in propylene oxide and embedded in epoxy. Ultrathin sections were collected every 800 Å, stained with uranyl acetate and lead citrate, and examined with a Philips electron microscope at 80 kV.
Magnetic resonance imag ing. Magnetic resonance imaging was performed on PFA-cardioperf used animals at 8°C with an 11.7 Tesla, vertical bore (89 mm) Bruker AMX500 microimaging system (Bruker Instruments, Billerica, M A). We used an Acustar shielded gradient set with 25 mm birdcage coil. Images were recorded by using a diff usion-weighted two-dimensional multislice echo protocol with a data matrix of 512 ϫ 512 points, TE ϭ 1500 msec, TR ϭ 21, and 16 averages. Slice thickness was 0.2 mm in all cases, with an in-plane field of view 2 ϫ 2 cm for the transverse slices and 3 ϫ 2 cm for the sagittal slices. The diff usionsensitizing gradient pulses were applied symmetrically about the refocusing RF pulse, directed along the long axis of the animal (perpendicular to the transverse slices), with an intensity of 46 G/cm, gradient width of 1 msec, and separation of 10.5 msec. Slices shown thus are moderately T2-weighted and heavily diff usion-weighted.
RESULTS
Motor impairment, tremor, and premature death in mice lacking Kir4.1
Mice heterozygous for the Kir4.1 deletion were viable and fertile and showed no readily observable pathological behavior. No striking differences were observed between the homozygous Kir4.1Ϫ/Ϫ mutants and control littermates at birth. Genotyping by Southern blot hybridization or by PCR established that homozygotes for the Kir4.1 deletion were born at the expected frequency from heterozygous matings. However, by P8-P10 the Kir4.1Ϫ/Ϫ mice stopped gaining body weight ( Fig. 1 A) and showed progressive weakness. By P10-P12 the Kir4.1Ϫ/Ϫ mice could be identified by their smaller size, decreased body weight, and dehydrated appearance. At this stage the Kir4.1Ϫ/Ϫ mice showed severe defects in controlling voluntary movements, posture, and balance. These defects increased in severity over subsequent days. This Kir4.1Ϫ/Ϫ phenotype resulted in frequent falls and rollovers, and the mice regained the upright position with difficulty ( Fig. 1C) . Additionally, Kir4.1Ϫ/Ϫ mice dragged their hind limbs, a phenotype consistent with paralysis. We next asked whether Kir4.1Ϫ/Ϫ mice had impaired ability to perform motor tasks. Kir4.1Ϫ/Ϫ mice were unable to climb a grid at an 80°angle; they simply fell off. WT littermates performed this task easily, scaling the grid within 1 min. As development proceeded, the Kir4.1Ϫ/Ϫ mice deteriorated further; by the third postnatal week a body tremor was observed.
The first deaths of Kir4.1Ϫ/Ϫ mice were at P8, and there was 100% mortality at P24 (Fig. 1 B ). Thus at a systems level, loss of the Kir4.1 channel causes motor impairment, loss of voluntary movement, tremor, and ultimately death.
Hypomyelination, vacuolation, and axonal swelling in spinal cord of Kir4.1؊/؊ mice
What is the cellular basis of the observed whole animal phenotypes? The diameter of the spinal cord was similar in the Kir4.1Ϫ/Ϫ mice and control littermates. However, at P9 the Kir4.1Ϫ/Ϫ mice showed massive spongiform vacuolation throughout the whole spinal cord, predominantly in the inner areas of the white matter adjacent to the gray matter ( Fig. 2 A,B ). There were also defects, such as shrunken motoneuron cell bod-ies, in some gray matter areas (Fig. 2 D) . By P18 vacuolation had progressed in inner areas of the white matter, separating the white matter from the gray matter, but leaving the outermost white matter areas relatively well preserved (data not shown). Staining for MBP was reduced markedly in cross sections of the white matter of the spinal cord ( Fig. 2 E,F ) . The reduction was most striking in the most affected areas adjacent to the gray matter, whereas MBP staining was relatively well preserved in the outermost areas of the white matter. A similar distribution was obtained when sections were stained for the axonal marker neurofilament (70 kDa), indicating a loss of axons (Fig. 2G,H ) . ( green) . In WT mice a dense MBP signal is detected predominantly in the white matter (left). In Kir4.1Ϫ/Ϫ mice MBP staining is reduced drastically in the vacuolated areas, whereas in more distal areas of the white matter the MBP immunoreactivity is better preserved. G, H, Immunohistochemical detection of neurofilament. In WT sections strong immunoreactivity for neurofilament (red) was present in the white matter for the labeling of axonal structures, and weak labeling was observed in the gray matter on large neuronal cell bodies representing motoneurons. In Kir4.1Ϫ/Ϫ sections the neurofilament immunoreactivity was reduced in the white matter, remaining relatively well preserved in neuronal cell bodies. lf, Lateral funiculus; vf, ventral funiculus; df, dorsal funiculus; vh, ventral horn of gray matter. Scale bars: A, B, 250 m; C-H, 60 m.
We used magnetic resonance imaging (MRI) to reveal the spatial extension of the lesions. High-field MRI is a sensitive technique to detect a variety of CNS pathologies. It is specifically well suited for white matter changes caused by demyelination, vacuolation, or inflammation, which can be detected in T2-weighted images as hyperintense areas. At P12, using sagittal tomographic sections of Kir4.1Ϫ/Ϫ animals, hyperintense lesions were detected throughout the whole spinal cord including brainstem areas (Fig. 3A,B) . Tomographic slices from upper brain from these animals showing parts of the cerebellum, midbrain, and cortical regions show that these areas are not affected in the Kir4.1Ϫ/Ϫ mice at this time point of development (Fig. 3C,D) .
Transverse sections of the cervical spinal cord at P12 show respective lesions affecting predominantly white matter areas (Fig.  3E,F ) . At P18, signal intensity appears to be less pronounced in the white matter, and a hypointense signal similar to the WT sections is detected in the outermost areas of the spinal cord, indicating that to some extent myelination is preserved or remyelination occurs (Fig. 3G,H ) .
At an ultrastructural level, numerous round and oval vacuoles of varying sizes were detected in the white matter of Kir4.1Ϫ/Ϫ mice (Fig. 4 B) , but not in control mice (Fig. 4 A) . We could not discern the internal structure of very large vacuoles, but smaller vacuoles contained membranous elements of unknown origin and aberrant myelin sheaths (Fig. 4 B) . In some cases thin myelin sheaths remained, but no axonal structures were discerned. In cases in which axons were preserved, compaction of myelin sheaths was incomplete, showing loosely attached layers of myelin (Fig. 4 D) . The major dense line of these myelin sheaths present in WT mice (Fig. 4C ) was indistinct in some areas in Kir4.1Ϫ/Ϫ mice (Fig. 4 D) .
The gray matter contained mainly small vacuoles. When examined by confocal microscopy, these were generally closely related to or contained nuclei, indicating cell death (data not shown). TUNEL staining in spinal cord from P9 Kir4.1Ϫ/Ϫ mice revealed specific labeling of small nuclei in the gray matter and in distal areas of the white matter, indicating apoptosis of glial cells (Fig.  5A-C) . However, only very few large motoneurons were TUNEL-positive (Fig. 5D-F ) . Throughout the observation period (P9, P12, P18) neuron numbers appeared to be similar to those in control littermates. Neither inflammatory cells nor extensive phagocytotic activity was detected in these sections. Lesions appear as regions of hyperintensity in the white matter (arrows in Kir4.1Ϫ/Ϫ sections). Note that the lesions extend to brainstem areas. C, D, Tomographic slices taken in the plane shown in A from these animals reveal parts of the cerebellum, midbrain, and cortical regions. Note that these areas are not affected in the Kir4.1Ϫ/Ϫ mice at this point of development. E, F, Transverse images from the same animals of the cervical spinal cord with the same imaging modalities. Arrows point at hyperintense lesions in Kir4.1Ϫ/Ϫ animals. Lesions include most of the white matter. G, H, At P18, hyperintense lesions (arrows) in Kir4.1Ϫ/Ϫ sections appear less pronounced than at P12. Additionally, a hypointense signal in the outermost white matter areas is detected. Note that in WT mice at P18 normal myelination has progressed, leading to a hypointense signal in WT spinal cord white matter (arrowheads). Thus at the cellular level the Kir4.1Ϫ/Ϫ mice have hypo/ dysmyelination, extensive vacuolation, and apoptosis affecting glial cells. Failure of myelin compaction is observed, along with damage to axonal structures and axon degeneration. These data provide a plausible cellular framework for the phenotypes that have been described above: motor impairment, tremor, and premature death.
Kir4.1 expression in the postnatal mouse spinal cord
A lack of Kir4.1 has major effects on behavior and on spinal cord physiology (below), but where is Kir4.1 expressed in the spinal cord? At P9, Kir4.1 expression was detected predominantly in gray matter of the spinal cord and in certain nuclei of the brainstem, such as cochlear nucleus and spinal trigeminal nucleus. With immunostaining, we observed high levels of Kir4.1 expression in gray matter areas of the spinal cord, especially in the ventral horn surrounding large motoneurons (Fig. 6 A,B) . Kir4.1-positive cells also were detected in the white matter (Fig. 6 D-F ) , with a less intense signal than in gray matter. Kir4.1-positive cells in white matter also were labeled with antibody to MBP, indicating that they are oligodendrocytes. At P18, Kir4.1 immunolabeling appeared to be weaker in general, but the pattern of more intense staining in gray matter continued (data not shown). Kir4.1 expression was not apparent by immunohistochemistry on sections of Kir4.1Ϫ/Ϫ mouse spinal cord or brainstem at P9 and P18, showing that the mutation successfully eliminated Kir4.1 protein expression (Fig. 6C) . Cell cultures of spinal cord (P0-P12) WT mice were immunopositive for the Kir4.1 subunit on oligodendrocyte-specific protein-positive cells (Fig. 6G-I ) as well as on CNPase-positive cells (Fig. 6 J-L) . These results confirm earlier findings that Kir4.1 is expressed at various stages of the oligodendrocyte lineage (Poopalasundaram et al., 2000) . We tested whether the Kir4.1 subunit is expressed on spinal cord neurons or GFAP-positive astrocytes. No antibody staining was detected on neurofilament-positive neurons or GFAP-positive astrocytes (Fig. 6 M 
-R).

Cultured oligodendrocytes from Kir4.1؊/؊ mice are depolarized and morphologically immature
Our data indicate that Kir4.1 is a major K ϩ channel in oligodendrocytes, but what happens to the properties of these cells in the Kir4.1Ϫ/Ϫ mice? The electrophysiological properties of WT versus Kir4.1Ϫ/Ϫ oligodendrocytes were analyzed in spinal cord cell cultures (P8-P12). Cells were loaded with Lucifer yellow via the patch pipette and subsequently immunostained with an anti-MBP or oligodendrocyte-specific protein antibody. We measured current-voltage ( I-V) relations for these cells at test potentials in 15 mV increments over the voltage range from Ϫ150 to ϩ60 mV, in both Na ϩ and 50 mM K ϩ (Fig. 7A-C) . We isolated the currents caused by inwardly rectifying K ϩ channels by subtracting records taken during Ba 2ϩ (1 mM) blockade (Fig. 7B,C) . The data, summarized in the Table 1 , show a robust inward rectifier K ϩ current (84.1 pA/pF Ϯ 26.3 at Ϫ150 mV) in WT cells.
Kir4.1Ϫ/Ϫ oligodendrocytes exhibited a dramatic electrophysiological difference: inwardly rectifying K ϩ currents were completely absent (Fig. 7C) . The summarized data (Table 1) show that heterozygotes had an intermediate level of K ϩ current. The resting membrane potential in WT oligodendrocytes was Ϫ59.7 Ϯ 7.6 mV (n ϭ 9), but Kir4.1Ϫ/Ϫ oligodendrocytes showed significantly depolarized values of Ϫ34.3 Ϯ 2.9 mV (n ϭ These data prove that the major K ϩ channel in oligodendrocytes contains the Kir4.1 subunit. Kir4.1 contributes to the membrane potential by providing the dominant K ϩ conductance, and these properties are compromised severely in Kir4.1Ϫ/Ϫ mice. We observed marked morphological differences of Kir4.1Ϫ/Ϫ oligodendrocytes in spinal cord cultures (P8-P12). Mature oligodendrocytes of WT cultures showed multiple extended branches and formed cell-cell interactions with astrocytes ( Fig. 8 A,E) , neurons, and other oligodendrocytes. After 1 week in culture, differentiated oligodendrocytes expressed myelin proteins and were immunopositive for MBP. Additionally at that stage, these cells elaborated large membrane sheaths that mimic the appearance of unfurled myelin sheaths ( Fig. 8C ; Yang and Skoff, 1997) . Mature oligodendrocytes formed ring structures around distal branches and partly myelinated closely located cells, indicating in vitro myelination.
In Kir4.1Ϫ/Ϫ cell cultures we observed no obvious differences in total numbers of myelin-expressing oligodendrocytes. However, Kir4.1Ϫ/Ϫ oligodendrocytes appeared less mature than WT oligodendrocytes. This point was quantified in cultures from P9 mice grown for 12 d and subsequently immunolabeled for myelin proteolipid protein (PLP) as a marker for myelin-producing oligodendrocytes. The number of oligodendrocytes elaborating membrane sheaths was reduced dramatically in Kir4.1Ϫ/Ϫ cultures (only 16% of 44 Kir4.1Ϫ/Ϫ cells had sheaths vs 74% of 73 WT cells). In contrast to WT cells, Kir4.1Ϫ/Ϫ oligodendrocytes were round (Fig. 8 B,D) and displayed greater somatic area than WT oligodendrocytes (566.3 Ϯ 40 vs 254.4 Ϯ 25.1 m 2 , mean Ϯ SEM; n ϭ 23 and 19, respectively), displayed fewer major branches (average of 2.7 Ϯ 0.03 vs 4.0 Ϯ 0.04, mean Ϯ SEM; n ϭ 35 cells in each case), and showed fewer interactions with other cells (Fig. 8 D,F ) .
Kir 4.1؊/؊ neurons from spinal cord cultures are normal
Qualitative immunostaining did not show expression of Kir4.1 on neurons in the spinal cord. To address this question quantitatively, we analyzed inward rectifying potassium currents in spinal cord neurons of WT and Kir4.1Ϫ/Ϫ postnatal mice (P0-P12) cultured for up to 2 weeks. In experiments on cells with large somata from WT and Kir4.1Ϫ/Ϫ mice, a current injection produced action potentials in both cells (Fig. 9E) , as expected for neurons. In voltage-clamp mode these cells displayed transient inward currents and sustained outward currents in response to voltage steps from Ϫ150 to ϩ60 mV (Fig. 9B,C) . Increased extracellular K ϩ concentration evoked only modest increases in the inward currents (Fig. 9B,C) . After 2 weeks in culture, Ba 2ϩ -sensitive K ϩ currents in response to 50 mM extracellular K ϩ were upregulated substantially but were not different among WT, Kir4.1ϩ/Ϫ, or Kir4.1Ϫ/Ϫ cells (Fig. 9D) . These data confirm that the Kir4.1 channel subunit is not expressed in spinal cord neurons.
DISCUSSION
The Kir4.1 knock-out mouse (Kofuji et al., 2000) became the first reported genetic ablation of a constitutively active Kir channel, and the present study is the first demonstration that deletion of an ion channel affects CNS myelination, although previous reports show that mutations of connexin 32 can lead to the peripheral demyelinating disease Charcot-Marie-Tooth syndrome (Oh et al., 1997) . Indeed, Kir4.1 is one of the few genes that encode neither a myelin protein, a protein of myelin synthesis/degradation, nor a protein involved in the immune response to myelin, yet still lead to CNS demyelination or dysmyelination when ablated.
The present study also outlines the pathophysiology of this process. We show that Kir4.1 underlies the principal K ϩ conductance in oligodendrocytes of the developing spinal cord, that Kir4.1 is probably not expressed in neurons or astrocytes in spinal cord before P12, and that ablating Kir4.1 leads to severe physiological and cellular effects, eventually disrupting the axon- 
Current (ϪpA/pF) 84.1 Ϯ 26.3 26.3 Ϯ 7.5* 3.6 Ϯ 1* RMP (ϪmV) 59.7 Ϯ 7.6 40.1 Ϯ 8.9 34.3 Ϯ 3* Membrane conductance (nS) 25.5 Ϯ 9.3 10.1 Ϯ 3.3* 4.4 Ϯ 0.7* Cell culture recording on myelin-expressing oligodendrocytes. K ϩ currents were measured at Ϫ150 mV. Data are given as mean Ϯ SEM. The number in parentheses indicates the number of patches in whole-cell voltage-clamp configuration. *Statistically different from WT (unpaired Student's t test, two-tailed; p Ͻ 0.002). Figure 7 . Electrophysiological properties of WT and Kir4.1Ϫ/Ϫ oligodendrocytes in cell cultures from the developing spinal cord. A, Voltage protocol. Membrane potential was held at Ϫ80 mV and jumped to test potentials between Ϫ150 and ϩ 60 mV at 15 mV increments. B, Wholecell voltage clamp of WT oligodendrocytes in Na ϩ recording solution, in 50 mM extracellular K ϩ solution, and in 50 mM K ϩ plus 1 mM Ba 2ϩ . C, Whole-cell voltage clamp of Kir4.1Ϫ/Ϫ oligodendrocytes in Na ϩ recording solution, in 50 mM extracellular K ϩ solution, and in 50 mM K ϩ plus 1 mM Ba 2ϩ . D, Representative I-V relations of a WT oligodendrocyte in Na ϩ recording solution, in 50 mM extracellular K ϩ solution, and in 50 mM K ϩ plus 1 mM Ba 2ϩ . E, Kir currents were isolated by subtracting traces in 50 mM extracellular K ϩ solution from the traces that were obtained in 50 mM K ϩ plus 1 mM Ba 2ϩ . Note the weakly inwardly rectifying properties of Kir4.1 (mean Ϯ SEM; n ϭ 5). glia interaction. These events lead to a hypomyelination and spongiform vacuolation in the spinal cord, predominantly affecting the white matter and neuropil with severe axonal pathology. The result is a severe neurological phenotype: motor coordination deficits and hindlimb paralysis. The additional early postnatal death of Kir4.1Ϫ/Ϫ mice may be explained by impaired feeding behavior and also by progressive dysmyelination and vacuolation of vital brainstem areas.
Although a pioneering study of Kir4.1 (Bredt et al., 1995) and a more complete recent study (Li et al., 2001) found evidence for expression in neurons, all authors agree that Kir4.1 is expressed predominantly in glial cells (Takumi et al., 1995; Kofuji et al., 2000; Poopalasundaram et al., 2000) . We cannot rule out the possibility that Kir4.1 is expressed additionally in some spinal cord neurons, perhaps in adult mice, and that deletion of Kir4.1 directly causes neuronal pathology, but our study on mice younger than P12 produced no evidence to support such a process.
Implications of Kir4.1 localization in the spinal cord
Our study reveals that Kir4.1 exerts an important role in the development of the spinal cord. The restricted temporal and spatial expression pattern of Kir4.1 is appropriate for such a role: Kir4.1 was found predominantly in gray matter areas. In cross and longitudinal sections, additional labeling on oligodendrocytes within white matter areas also was detected, indicating that the ; WT, n ϭ 4; Kir4.1ϩ/Ϫ, n ϭ 9; Kir4.1Ϫ/Ϫ, n ϭ15) versus DIV 12-15 (WT, n ϭ 4; Kir4.1ϩ/Ϫ, n ϭ 7; Kir4.1Ϫ/Ϫ, n ϭ 8). E, Cells were identified as neurons by injecting increasing depolarizing pulses in the current-clamp mode. These depolarizations elicited action potentials. The pattern of current pulses is indicated in the inset above the traces. Error bars represent SEM. channel is present in the white matter in substantially lower levels. We do not yet know the mechanism for this spatial distribution of Kir4.1 expression. First, Kir4.1 could be upregulated in a specific subset of oligodendrocytes in the gray matter or, second, downregulation could take place once oligodendrocytes reach white matter areas.
How is differential spatial Kir4.1 expression linked to its functional role? Our finding that Kir4.1 is strongly expressed in glia cells that surround motoneurons in gray matter supports the hypothesis that Kir channels of oligodendrocytes serve the second classical function, siphoning of extracellular potassium concentration away from neuronal compartments in the spinal cord in vivo (Takumi et al., 1995; Poopalasundaram et al., 2000) . This role is similar to the role played by Kir4.1 in the retinal Müller cells (Kofuji et al., 2000) . Our methods lack the sensitivity to decide whether Kir4.1 is expressed at the glial folds surrounding the nodes of Ranvier and therefore would participate in clearing K ϩ away from this restricted space (Mi et al., 1996) .
General roles for Kir4.1-containing channels in oligodendrocytes
The present study also provides the most direct evidence that a channel containing Kir4.1 serves the general function of setting the RMP in glial cells as well. The RMP in turn governs the transmembrane gradients of many transported molecules and therefore is required for many general processes, including signaling, differentiation, and, in particular, myelination by oligodendrocytes. Because Kir4.1 hetero-oligomerizes with other Kir subunits in vitro Yang et al., 2000) , we believe it likely that the channels contain Kir4.1 in association with other Kir subunits. The present highly specific results are a satisfactory extension of previous studies that nonspecific pharmacological blockade of Kir channels, or depolarization by increased K o , affects oligodendrocyte proliferation and development in vitro (Gallo et al., 1996; Chvatal et al., 1997) . We determined that Kir4.1-containing channels are the principal inwardly rectifying potassium channels in myelin-expressing oligodendrocytes in the spinal cord: gene ablation abolishes potassium currents in Kir4.1Ϫ/Ϫ cells and leads to a depolarized membrane potential. Kir4.1Ϫ/Ϫ oligodendrocytes do not elaborate membrane sheaths, have large somatic area and display fewer branches, and rarely show interaction with other cells. Thus they reveal an immature morphology in vitro. This suggests that Kir4.1 regulates crucial steps during the maturation of oligodendrocytes. Most importantly, Kir4.1Ϫ/Ϫ oligodendrocytes fail to form compacted myelin in Kir4.1Ϫ/Ϫ mice.
Furthermore, spinal cord glial cells in Kir4.1Ϫ/Ϫ mice undergo apoptotic cell death. Whether the observed apoptosis is linked to the depolarized RMP with subsequent activation of apoptosisinducing caspases in vivo has to be determined. However, this apoptosis is consistent with the proposed mechanism for the observed pathology in vivo.
The events that lead to recognition and ensheathment of axons by oligodendrocytes are not well understood but probably include molecular signaling in both directions (Vartanian et al., 1997; Barres and Raff, 1999; Niehaus et al., 1999) . Astrocytes also appear to align oligodendrocyte processes with axons and to adhere to axons (Meyer-Franke et al., 1999) . In addition, cues from actively firing axons seem to be crucial for the maturation of oligodendrocytes and for the induction of myelination in vitro (Barres and Raff, 1993; Demerens et al., 1995) . Our electron microscopic findings indicate focal swellings of axons and axonal degeneration in Kir4.1Ϫ/Ϫ mice. Because Kir4.1 expression was not detected on spinal cord neurons and axonal structures, we suggest that the axonal damage seen in Kir4.1Ϫ/Ϫ mice is a secondary phenomenon caused by immature and unhealthy oligodendrocytes, disrupted oligodendrocyte-axon interactions, and the resulting hypo/dysmyelination. Hypomyelinated and dysmyelinated axons in other mouse mutants undergo severe damage and in some cases subsequently degenerate, forming vacuoles of various sizes (Kondo et al., 1995; Sanchez et al., 1996; King et al., 1997; Griffiths et al., 1998; Brady et al., 1999) . Particularly marked axonal degeneration occurs in response to the double knock-out of two oligodendrocyte-specific proteins, PLP and DM-20 (Griffiths et al., 1998) . However, it is a novel observation that CNS axonal degeneration occurs secondary to genetic ablation of an ion channel rather than of a protein directly involved in the structure or metabolism of myelin.
Some neuronal cell bodies are also basophilic and shrunken in the Kir4.1Ϫ/Ϫ mice (Fig. 2 B) , and such damage usually is not reported as a consequence of oligodendrocyte damage (Griffiths et al., 1998) . However, we do not believe that this additional damage to neuronal cell bodies implies that the neurons themselves express Kir4.1; instead, the damage may arise secondary to inadequate K ϩ siphoning or other metabolic support by the poorly functioning Kir4.1Ϫ/Ϫ oligodendrocytes, the cell bodies of which neighbor the large neuronal cell bodies in the gray matter. Because most genetic models for hypomyelination involve myelin proteins, this point has been studied rarely. Although there are few astrocytes in spinal cord before P12 and we found no Kir4.1 expression in cultured WT astrocytes, a recent paper did report extensive Kir4.1 expression in mouse cortical astrocytes (Li et al., 2001 ); we cannot rule out the possibility that poorly functioning astrocytes also contribute to the motoneuron pathology in the developing spinal cord of Kir4.1Ϫ/Ϫ mice.
Implications for pathophysiology
Most genetic models for CNS dysmyelinating or demyelinating disease involve genes that directly participate in the synthesis, degradation, or immunological response to a myelin protein. Instead, Kir4.1 is crucial for the maturation of oligodendrocytes and thus for normal development of the spinal cord.
Most human demyelinating diseases have not been mapped genetically, and it is not known whether they are monogenic like the knock-out mouse studied in this paper. White matter vacuolation also occurs in a variety of human leukodystrophies, and most of these have not been mapped (van der Knaap et al., 1996; Takanashi et al., 1999; Thelle et al., 1999; Leuzzi et al., 2000) . There are presumably many genes that enhance or suppress these dysmyelinating and hypomyelinating diseases. Although no known human diseases are caused directly by mutations in the Kir4.1 gene, Kir channels undergo complex trafficking, heterooligomerization, clustering, and other regulatory events. Mutations that disrupt such regulation might lead to decreased Kir4.1 function and therefore contribute to dysmyelination or hypomyelination.
